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Over the last few decades, supercritical fluid extraction process has greatly assisted the search for more medicinal
and therapeutic properties of bioactive compounds from an extensive range of botanical matrices. The yield of
supercritical fluid extraction is often limited by the solubility of a targeted solute in the solvent and thus
knowledge on solubility has become one of the fundamental variables of interest in the extraction process.
However, the studies to evaluate the performance of density-based empirical models in estimating the solubility
of different drug- and plant-based bioactive compounds were scarce. Therefore, this study aimed to gather the
solubility data of 33 drugs and 40 plant-based bioactive compounds at varying temperatures and pressures and
correlated them with 26 most widely used density-based models. The solubility data were critically analysed and
reported from two perspectives: well-studied solubility-influencing factors such as pressure, temperature, and
additional influencing factors what o such as molecular structure and weight. Then, a thorough evaluation of the
existing empirical solubility models involving 26 predictive models for 73 bioactive compounds was performed.
From the results and findings, it was evident that the 8-parameter Belghait et al. model showed the overall
highest accuracies indicated by the lowest absolute average relative deviation of 7.42 %, 10.16 %, and 6.57 %,
respectively for all bioactive compounds, drug-based bioactive compounds, and plant-based bioactive com-
pounds. Belghait et al. model is also superior since its predictive performances are the best for 54 % of the
bioactive compounds studied. Meanwhile, Kumar and Johnston’s, Sung and Shim’s, and Sodeifian et al’s models
demonstrated the best solubility predictions for 3-, 4-, and 6-parameter empirical models, respectively, for both
plant and drug-based compounds. As the effects of pressure and temperature on solubility have widely
acknowledged, this study also highlights the influence of molecular structure complexity on solubility. The main
findings from this comparative evaluation proved that density-based models are efficacious in predicting solu-
bility of both plant and drug-based bioactive compounds.

1. Introduction [33]. Unlike conventional extraction processes, SFE processes require a

supercritical solvent obtained by heating and pressurizing the fluid

Conventional extraction techniques such as hydrodistillation, steam
distillation, and Soxhlet extraction can be engaged to obtain targeted
compounds from the plant materials albeit the associated disadvantages
[32]. In finding a greener alternative to the conventional processes,
research and development work related to the Supercritical Fluid
Extraction (SFE) technology is gaining recognition by industrial players
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beyond its critical point. Fluids at supercritical conditions typically
exhibit properties of both liquid and gas, has density capable of dis-
solving a solute, and possess a low viscosity to facilitate more rapid mass
transfer. The low operating temperature used in the supercritical fluid
technologies (SFT) is the major advantage and the underlying reason
that prevents thermal decomposition of heat-sensitive compounds
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Fig. 1. An overview on the solubility modeling tools.

extracted if compared to the classical extraction methods [51,62]. The
wide usage of supercritical carbon dioxide (SC—CO5) in SFT is owing to
its various features such as environmentally-friendly, generally recog-
nized as safe solvent, its moderate critical temperature and pressure
(304 K and 73.7 bar, respectively), offers high selectivity, and is easily
attainable [3,95].

It is imperative to understand the solubility behavior of a solute in
supercritical systems in order to scale up the SFE facilities, evaluate the
process effectiveness, and carry out the process optimization and feasi-
bility studies [10,59,108]. This is simply due to the fact that the
extraction rate and yield of a solute is limited by its solubility in any
given supercritical fluid [107]. In other words, a solute that possesses a
good solubility in supercritical fluid expedites extraction and therefore
reduces the experimental time [10]. A large majority of the published
literatures focus on extraction studies, while less are targeted towards
solubility studies and their modeling due to their greater complexity.
Although solute solubility data can be experimentally measured at
different temperatures and pressures, it is often difficult, expensive and
time consuming [52]. As such, modeling tools in the form of empirical
equation (density-based models) and thermodynamic equation of state
(EOS) have been developed to correlate and predict solubility data
especially at higher pressures and temperatures. This study aims to
comprehensively report and critically evaluate 26 existing empirical
models using the solubility data of 33 drugs and 40 plant-derived
bioactive compounds.

2. Classification of solubility-predictive models

An overview of some commonly adopted solubility-predictive
models is shown in Fig. 1. From Fig. 1, the solubility models are typi-
cally categorized into empirical, and thermodynamic models, both of
which are computed numerically. Nevertheless, the empirical equations
are often the preferred choices due to their simplicity, accuracy, and
their applicability to various types of compounds [52,80]; with the
Chrastil Model being one of the pioneer models developed [95]. The
simplicity of empirical models is owed to the use of only three
solvent-independent variables (pressure, temperature, and density) in
computing the solubility and the associated equation coefficients are
easily attained by carrying out multiple regression of available data
[95]. To date, the empirical equation with the most number of param-
eters is an 8-parameter model developed by Belghait et al. [12]. Liter-
ature review proves that many models are proposed over the years by
modifying the existing models to strive for higher accuracy in predicted
data.

Conversely, although the thermodynamic EOSs coupled with various
mixing rules are also widely utilized, they are often less favorable due to
the high equation complexity and the need for numerous critical and
physicochemical data. These data such as fugacity, molar, volume,
sublimation pressure, critical temperature and pressure, acentric factor,
and vapor pressure are often less readily available [60]. The recent
example of the use of thermodynamic EOSs coupled with various mixing
rules can be found from the work of Abadian et al. [1]. As most critical
and physicochemical data are temperature dependent and cannot be
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Table 1
Equations of density-based models used in this study.
Empirical Model Equation
Chrastil Equation [16] InS = klnp; + LN m
T
Adachi and Lu [2] InS = kinp + %+ b, where k = (eq + a6
e1p + exp?)
Del Valle and Aguilera B a b )
[22] InS = klnp; + TTte
Mendez-Santiago and Teja Tin(yoP) = a+ bp; + cT )
[73]
Bartle et al. [11] P\ a 3)
ln(S.lTef) =k(p = Prp) + Tﬁr b
Kumar and Johnston nS — at 9+ c )
(461 et gt
Jiang et al. [8] InS = ap+ é+clnP+d ®
T
Sung and Shim et al. _ b c ©)
73] InS = (a + T)lanr Tt d
Gordillo et al. [29] In(y2) = a+ bP+ cP?>+ dPT+ eT+ (20)
fr?
Jouyban et al. In(y2) =atbPt P+ dPT+ery (22
[42] P
finp
Garlapati and Madras 1 —knp; T+ 40 (@]
7] n(yz) = kinp, T
Garrlapatl and Madras (II) In(ys) — a+ blnp+ cplnp + g+ elnpT 14
[28] T
Sparks et al. a (23)
[96] In(y2) = (eo + e1p + e2p?)Inp; + Tt
% +c
Ch and Madras [73] In(yz) = (d — 1>]n£+ %+ bpy + ¢ (10)
Bi tal. [13 b 15
ian et al. [13] In(y2) = (eo + e1p)lnp; + aTPJr Tte as
Modified Chrastil Model (1)  In(y2) = alnp+ (15a)
[97] c d
bplnp + T+ ?p+ e
Li et al. [73] In(y2) = kn(p; T) + ap; + ;+ ¢ aan
Nejad et al. [60] In(yz) = a+ bP?+ cT? + dinp 12)
Hozhabr et al. - b ¢ 13)
[35] ln(yg)_a+?+77dlnP
Keshmiri et al. -~ b > e a7
oA In(y2) =a+ g+ P2+ (d + f,)lnpl
Khansary et al. a p? (18)
[0] In(yz) —T+ bP+ C7+ dlnp; +
ePlnp,
Modified Chrastil Model (2) In(ys) — alnp+ IZ Inp+ 6)
[71 P
4
c T+ d
Moussa et al. [77] In(ya) — a-+ bp+ cp? + dpT+ e;+ 24
finp
Belghait et al. [12] In(y2) = a+ bp+ cp?+ dpT+ eT+ (25)
fr? 4 glnp+h/T
Sodeifian et al. 19)

1 = bP® InpT + d(p(1
[87] n(y2) 7a+T+Cnp +d(p(Inp)) +

ePInT + fl"Tp
Y2 = (@ +bP + cP))T2+ (d +eP, +  (21)
1P2)

Tippana-Garlapati [83]

determined experimentally, appropriate equations and group contribu-
tion methods are to be carefully selected to compute these data [12,74].
Group contribution methods include the Ambrose Walton method for
calculation of the sublimation pressure [82], Stein-Brown method to
calculate the critical temperature [87], as well as Marrero and Ghani
method to estimate the critical pressure [85]. Some of the commonly
used EOSs are Peng- Robinson (PR-EOS) and Soave-Redlich-Kwong
(SRK-EOS) coupled with Van der Waals mixing rules [93].

Although both categories of solubility models are commonly utilized,
the main focus of this study is directed towards the performance of
empirical models in correlating the solubility data of both plant and
drug-based compounds. To the best of our knowledge, limited studies
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Table 2
Density-based empirical models categorized according to the number of
parameters

No. of Density-based model No. of Density-based

parameters parameters model

3 Chrastil Model 5 Adachi and Lu

(AL)

3 Mendez-Santiago & 5 Garlapati &
Teja (MST) Madras II

3 Bartle Equation 5 Bian et al.

3 Kumar and Johnston 5 Keshmiri et al.
[}

3 Garlapati & Madras (I) 5 Khansary et al.

4 Del Valle and Aguilera 6 Modified Chrastil
(DVA) @

4 Modified Chrastil (2) 6 Gordillo et al.

4 Jiang et al. 6 Jouyban et al.

4 Sung and Shim (SS) 6 Sparks et al.

4 Ch and Madras (Ch-M) 6 Sodeifian et al.

4 Li et al. 6 Tippana-

Garlapati
4 Nejad et al. 6 Moussa et al.
4 Hozhabr et al. 8 Belghait et al.

have been performed to evaluate the performance of density-based
models on different categories of compounds. One of the few excellent
reviews was carried out by Antonie and Pereira [8] in correlating the
solubility data using four density-based models. Nonetheless, a
comprehensive review on the performance of 26 existing models in
correlating data of both plant and drug-based bioactive compound has
not been performed. Hence, the objective of this study is to compile the
solubility data of 73 bioactive substances consisting of the plants and
drug compounds. Subsequently, the performance of 26 empirical models
in predicting the solubility of the bioactive substances in binary mixtures
(solute+SC—COy) are evaluated accordingly.

2.1. Density-based empirical models

A total of 26 empirical models were employed to correlate the sol-
ubility of 73 bioactive compounds (33 drugs and 40 plants) in SC—CO3
after which their performances were assessed based on the computed
absolute average relative deviation (AARD). These 73 bioactive com-
pounds selected for this study are common drug- and plant-based
bioactive compounds. Besides, as mentioned, less work was performed
on the solubility studies, thus the solubility data in binary SC—CO4
system might not be readily available for some bioactive compounds.
These 73 bioactive compounds were chosen as their solubility data was
completely available at diverse operating conditions (pressure and
temperature). Majority of the solubility data used in this study were
compiled from the publications in the last decade. Unlike other solubi-
lity modeling studies, the bioactive compounds considered in this study
is not only limited to drugs but also plant-based bioactive compounds.

The 26 models can be sub-classified according to the number of
parameters present in the equation (3, 4, 5, 6, and 8-parameter models).
Table 1 shows 26 equations found in literature that are arranged in
chronological order of its introduction for solubility measurement. As
presented in Table 1, y; represents the solubility mole fraction of a
bioactive compound, p represents the density of the supercritical fluid at
a given operating condition in cubic metres (kg/m>), T represents the
temperature in Kelvin (K), while P represents the pressure in Mega
Pascal (MPa).

Adjusted parameters a - h of all the 26 density-based models were
obtained by regressing the experimental solubility data of individual
bioactive compound compiled from its corresponding literature. This
was carried out using the solver feature of Microsoft Excel’s Regression
function under the Data Analysis tool pack. The squared difference be-
tween the literature experimental data and the predicted solubility from
the models was selected using the least squares regression method
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Table 3
Solubility data of drug-based bioactive compounds in binary SC-CO, system.

No. Extracted product Temperature Pressure Solubility (mol/
(K) (MPa) mol)
min max
1 Atropine® 308 - 348 12.2 - 6.00 1.67
35.5 X X
10°° 103
2 Codeine® 308 - 348 12.2 - 4.00 1.23
35.5 X X
10° 10°
3 Tridodecylamine” 308 - 328 8.0-40.0 8.00 1.13
X X
10° 1072
4 Cefuroxime Axetil® 308 - 328 8.0 - 25.0 2.20 1.12
X X
1077 10°°
5 Warfarin® 308.2 - 328.2 10.0 - 1.08 5.39
18.0 X X
10° 10°
6 Aprepitant® 308.15 - 12.0 - 4.50 7.67
338.15 33.0 X X
10° 10°
7 Loratadine' 308.15 - 12.0 - 4.50 1.30
338.15 27.0 X X
10° 10
8 Aspirin® 298.2 - 353.2 7.5-35.0 1.95 1.99
X X
10° 102
9 Letrozole” 318.2 - 348.2 12.0 - 1.60 8.51
36.0 X X
10° 10°
10 Amiodarone 313.2-343.2 12.0 - 2.51 1.01
Hydrochloride (AMH)' 30.0 X X
10°° 103
11 Benzamide’ 308.15 - 11.0 - 1.91 1.61
328.15 21.0 X X
10°° 1074
12 Ketoprofen“ 308.15 - 16.0 - 2.21 7.12
338.15 40.0 X X
10° 107"
13 Diclofenac Acid' 308.15 - 12.0 - 2.34 1.98
338.15 40.0 X X
10° 107°
14 Gabapentin™ 308 - 338 16.0 - 8.97 7.36
40.0 X X
107° 1072
15 Niflumic acid” 313.2-353.2 19.0 - 7.10 2.09
31.0 X X
10° 10°
16 d-Pinitol” 313.15 - 10.0 - 5.65 8.32
333.15 40.0 X X
10°¢ 10"
17 Imatinib Mesylate” 308 - 338 12.0 - 1.00 4.41
27.0 X X
1077  10°°
18 Sorafenib Tosylate! 308 - 338 12.0 - 6.80 1.26
27.0 X X
1077 10°°
19 Sunitinib Mesylate' 308 - 338 12.0 - 5.00 8.56
27.0 X X
10 10°°
20 Repaglinide Drug® 308 - 338 12.0 - 2.90 9.52
27.0 X X
10°° 10°
21 Azathioprine' 308 - 338 12.0 - 2.70 1.83
27.0 X X
10°° 10°
22 Sodium Valproate" 308 - 338 12.0 - 5.00 3.71
27.0 X X
1077 107°
23 Flurbiprofen"” 303 - 323 8.9-245 1.67 1.97
x X
10° 107!
24 Megestrol acetate” 308 - 338 12.2 - 2.90 8.71
35.5 X X
10°¢ 10°°
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Table 3 (continued)

No. Extracted product Temperature Pressure Solubility (mol/
(K) (MPa) mol)
min max
25 Esomeprazole (ESM)* 308.2 - 338. 12.0 - 1.10 9.10
27.0 X X
107° 1074
26 2,3,5,6- 313.2-333.2 10.0 - 3.50 1.09
Tetrachloropyridine” 24.0 X x
107* 1072
27 Chloropropamide” 313.2-353.2 10.0 - 2.29 7.22
30.0 X X
10°¢ 107°
28 Tolbutamide” 313.2-353.2 10.0 - 1.66 4.05
30.0 X X
10°° 1074
29 Thioxanthone (T1)"! 308 - 338 12.1 - 1.00 1.58
35.4 X X
10°° 1074
30 1-hydroxythioxanthone 308 - 338 12.1 - 3.30 4.24
(T2) * 35.5 x x
10°° 1074
31 3-methylthioxanthone 308 - 338 12.1 - 3.60 3.18
(T3) “! 35.6 x x
10°° 1074
32 1,4-dihydroxy-3-methyl- 308 - 338 12.1 - 2.80 4.31
thioxanthone (T4) *! 35.7 X X
103 10°°
33 Sertraline Hydrochloride 308-338 12-30 1.00 9.30
z2 % %
107° 10°°
4 [101],
® [43],
¢ [63],
4 7y,
¢ [93],
f 1891,
& [36],
b 34,
1 [94],
I 501,
<1711,
' 11041,
™ [76],
" [99],
° [14],
P [87],
4 [88],
' [861],
° [84],
' [85],
Y 90,911,
v [24],
¥ [102],
* [82],
Y [20],
* [531,
1 [75],
22 [92].

combined with the solver function of Microsoft Excel. The solver func-
tion would determine the values of those adjusted parameters when the
squared sums for each iteration were at their minimum.

As noticed from Table 1, when presented in chronological order, it is
evident that the density-based models developed in the recent years no
longer incorporate pressure in the equations as they tend to result in
poor correlation of the solubility data [12]. Table 2 shows the
density-based models categorized according to their number of model
parameters.

A study conducted by many researchers have concluded that models
with greater number of parameters result in higher accuracy [12,26,79].
Therefore, this work also aims to evaluate the performance of the 26



C.A. Obek et al.

Fluid Phase Equilibria 580 (2024) 114061

_18.00
£ 1600 |
E
£ 1400
S 120 |
[5) —¥—11.0 MPa
=}
E 10.00 1 —=—13.0MPa
g 8.00 A ——16.0 MPa
g 600 —4—18.0 MPa
=} —
E 4.00 4 ./'7 —e—21.0 MPa
£
;2) 2.00 *— * —X
0.00 . . . ; ,
305.00 310.00 315.00 32000 325.00 330.00
Temperature (K)
Fig. 2. Effects of Pressure on Solubility of Benzamide [50].
9.00 -
= 8.00
£
3 7.00 A
g
< 6.00 4
g 300 —=—308.15K
§_ 4.00 1 ——318.15K
B 3.00 4 ——328.15K
2z
ZF 2.00 A
E
A 1.00
0.00 . " . . : s
0.0 5.0 10.0 15.0 20.0 25.0 30.0
Pressure (MPa)
Fig. 3. Effect of Temperature on the Solubility of Quinine [103].
0)
0 HsC™
(0]
HO \ ,’J‘C\ H
AN | N~CHj, 0
HO"
Atropine Codeine Megestrol acetate
289.369 g/mol 299.364 g/mol 342.472 g/mol
Solubility: Solubility: Solubility:
4.30 x 10* mol/mol 3.40 x 10 mol/mol 4.51 x 10* mol/mol
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Fig. 4. Molecular structure of Atropine, Codeine, and Megestrol Acetate.

models found in Table 1 with respect to the number of parameters each Where n refers to the number of data points, y., refers to the
model contains. The AARD was computed based on Eq. (25) below: experimental solubility, and y,q refers to the calculated solubility using

AARD (%) = (

100 <
)R

Yexp — Yeale

i=1

the density-based model.
(25)
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Table 4
Solubility of major bioactive compounds at approximately 348 K and 25 MPa
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Molecular Structure

Solubility Details

N

H

Cl
00 0

N

HO
0
0
cl Cl
]i/I
NS
Cl N cl

()
N\
494
N (0]
00 ©

S\NJ\N/\/

joRane
H H

/ Atropine

| Imatinib Mesylate

N Molecular weight = 589.70 g/mol
Computed complexity” = 799
Solubility = 1.76 x 10~ mol/mol

Chlorpropamide

Molecular weight = 276.74 g/mol
Computed complexity” = 345
Solubility = 2.98 x 10~ mol/mol

Tolbutamide

Molecular weight = 270.35 g/mol
Computed complexity” = 354
Solubility = 1.59 x 10~* mol/mol

Molecular weight = 289.37 g/mol
Computed complexity” = 353
Solubility = 4.30 x 10~* mol/mol

2,3,5,6 -Tetrachloropyridine
Molecular weight = 216.90 g/mol
Computed complexity” = 108
Solubility = 7.28 x 10~ mol/mol

? Computed complexity was obtained from https://pubchem.ncbi.nlm.nih.gov/

3. Results and discussion
3.1. Solubility-influencing factors

The solubility data of 73 bioactive compounds, comprising of
approximately 1500 data points, accompanied by its operating condi-
tions and category were gathered and presented in Tables 3 and 5.
Solubility of any given solute is mainly governed by the pressure and
temperature of a supercritical system. Continuous tuning of pressure and
temperature alters the density and subsequently the solvating power of
the supercritical solvent. At isothermal conditions, a rise in pressure
enhances the solubility as seen in most supercritical systems [5,6,26,39,
50]. Fig. 2 is a clear depiction of how pressure distinctly influences
solubility of a given bioactive compound at three different temperatures
(308.15 K, 318.15 K, 328.15 K).

However, variation in the operating temperature demands a more
sophisticated evaluation as it depends on whether the effects of solute
vapor pressure or density is more prevalent. Consequently, a phenom-
enon known as retrogradation exists alongside a crossover pressure
point and is valid for most supercritical systems [5,19,45,103]. Tem-
perature increment beyond crossover point boosts solubility, as the
positive effect of solute vapor pressure is more dominant relative to the
inverse relationship between pressure and density. Conversely, tem-
perature increment below crossover pressure point gives way to the

negative effects of density relative to the increasing solute vapor pres-
sure, which results in a decline of the solubility. For example, as por-
trayed in Fig. 3, the crossover pressure is approximately 11.0 MPa. As
such, for any increase in temperatures beyond 11.0 MPa, the positive
relationship between solute vapor pressure and temperature promotes
solubility. On the contrary, temperature rise below 11.0 MPa leads to a
reduction in solubility due to a decreasing density.

Besides temperature and pressure, the complexity in the molecular
structure of the compound is also an additional factor that governs the
solubility of a bioactive compound. A quantitative comparison carried
out on the solubility of the bioactive compounds at approximately 328 K
and 24 MPa resulted in a hypothetical conclusion that a solute with
greater complexity lowers its solubility in supercritical systems.
Furthermore, when a solubility comparison was made between Atro-
pine, Codeine, and Megestrol Acetate at 328 K and 24.3 MPa, Atropine,
which has the lowest molecular weight and complexity, reported the
highest solubility, followed by codeine, and Megestrol acetate [101,
102]. As illustrated in Fig. 4, Atropine possesses only 1 Benzene ring,
Codeine has 1 Benzene ring and 3 cyclic groups, whereas Megestrol
acetate has several polar C=0 bonds in addition to 4 cyclic rings. Hy-
pothetically, the polarity of supercritical carbon dioxide is insufficient in
solubilizing relatively more polar solutes [61]. As a matter of fact, in
such circumstances, polarity of the solute is also an additional factor that
influences a solute’s solubility in SFT systems. In studying the solubility
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Table 5 Table 5 (continued)
Solubility data of plant-based bioactive compounds in binary SC-CO, system. No.  Extracted product Temperature Pressure Solubility (mol/
No.  Extracted product Temperature Pressure Solubility (mol/ x (MPa) mol)
(K) (MPa) mol) min max
min max 25  Vitamin D2 313 - 353 20.0 - 290  1.04
1 Apple seed oil” 316 - 336 30.0 - 3.20 1.43 32.0 x x
100.0 x x 1074 1073
1073 10! 26 Pomegranate seed 0il™ 313-333 24.0 - 9.70 2.04
2 Apricot Kernel Oil** 313.15 - 15.0 - 1.50 6.00 32.00 X X
333.15 60.0 x x 1074 1073
102 102 27  Mesquite Gum® 313 - 343 13.8 - 2.62 1.19
3 Sinapic acid™ 313-333 20.0 - 7.00 7.04 34,5 x x
40.0 x x 107° 1078
10°° 1077 28  Vitamin E ()" 313 - 353 19.9 - 6.40 3.57
4 Chrysin™ 313-333 20.0 - 1.80 1.13 34.9 x x
40.0 x x 107 1073
108 1077 29  Red Palm Oil™" 313.15 - 87-252 530 1.13
5 Vitamin E Acetate®” 308.15 - 8.41 - 8.41 1.42 333.15 x x
328.15 14.19 x x 107 1072
10°* 103 31 Roselle seed oil™’ 313 - 353 20.0 - 5.80 1.07
6 Theobromine™ 313.15 - 21.9 - 8.80 4.71 30.0 X X
353.15 34.5 x x 107* 1073
1077 10°¢ 32 Oleic acid™” 313.15 - 10.0 - 3.80 2.24
7 Theophylline™ 313.15 - 19.9 - 1.03 3.32 353.15 30.00 X X
353.15 34.9 x x 10°° 1073
105 105 33 Sunflower Oil™* 313-353 20.0 - 2.00 9.90
8 Hemp Seed Oil™’ 313-353 20.0 - 2.90 3.26 35.0 x x
40.0 x x 1074 1073
1073 102 34  Curcumin® 308 - 328 80-200 1.82 3.70
9 Beta Karotene™ 313-353 20.0 - 2.90 3.56 X x
35.0 x x 1078 1078
1074 1073 35  Vanillin 315 - 334.71 8.6-30.1 6.30 5.22
10 Castor Oil*f 313-353 20.0 - 1.00 4.88 x x
36.0 x x 10°° 1073
108 102 36  Vitamin E (o)™ 313 - 353 19.9 - 6.40 3.57
11 Red Pepper Oil*® 303 - 333 10.0 - 1.80 1.18 34.9 x x
35.0 x x 1074 1073
1077 1076 37  Laminarin™ 308.15 — 10-16 1.82 3.41
12 Quinine™" 308.15 - 8.0-240 830 8.10 318.15 x x
328.15 x X 107 107
1078 1076 38  Phosphatidylocholine”® 313 - 353 12.4 - 5.08 1.18
13 Cinnamic acid® 308 - 328 9.0-180 278 1.64 17.2 x x 10~
X X 10~
10°° 1074 39 Quercus infectoria 323 - 343 20 - 30 2.87 5.22
14 Clove Oil (spice)” 305 - 320 9.0-25.0 230 2.90 (0ak)™ X x
x x 1073 1073
107! 107! 40 Black Pepper Piperine™ 293 - 333 10- 20 7.80 1.42
15  Caffeine™ 313.15 - 19.9 - 2.83 1.13 x x
353.15 34.9 x x 10°° 107
—4 -3
i oo 2 [57],
16 Green Coffee Oil 313.15 - 30.0 - 1.24 2.60 23 [64]
353.15 35.0 X X )
102 1072 * [65],
17 Maleic Acid” 318.15 - 7.0-30.0 1.30 5.59 b 31],
348.15 x x 2 [40],
107° 1072 ad [9g]
) s
18  Vitamin K1°" 313-353 20.0 - 2.90 3.56 ae [55],
35.0 X . X . af [211,
‘ . 10 10 % [48],
19  Moringa Oleifera Oil™" 333-373 20.0 - 6.40 1.27 ah
[103],
500 ;0 4 ;0 2 ai [30]
a T b
20  Protocatechuic acid™ 313 - 333 20.0 - 152 1.06 ¥ [100],
40.0 x x 3 [45],
107  10°° ak 18],
21 Palm Kernel Shell (bio- 323 -343 30.0 - 4.56 1.04 al 791,
oi)* 40.0 x x am 411,
107* 1073 an
) [1071,
22 Passion Fruit seed o0il™” 313-333 20.0 - 1.81 5.52 w0 [15]
25.0 X X ap ’
103 10-3 [23],
23 Arachis Hypogea Skin 313 - 343 10.0 - 1.28 222 * 1671,
(Peanut) Oil™ 30.0 x x ¥ [39],
1073 1073 s [59],
24 Paeonol” 313.2-333.2 8.6-143 279 1.00 at 119],
X - U [49],
10 10 av [661,
aw [4]’
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= 78],
¥ [105],
& [701,
ba 1106],
B0 [38],
be [56],
bd 147].

of solutes in SC—CO3, more often than not, the amount of hydrogen
bonds that can be formed between SC—CO; and the solute indirectly
dictates the solubility [25]. A study by Antonie and Pereira [8] too,
reported these similar findings. The results of the quantitative compar-
ison are tabulated in Table 4, where the bioactive compounds are sta-
tistically arranged in order of increasing solubility from the lowest
solubility, 1st quartile, median, 3rd quartile, to maximum solubility.

Similar analysis was performed on selected plant-based bioactive
compounds listed in Table 4 to study the effect of molecular structure on
their solubility. With reference to the maximum solubility data of three
phenolic compounds at 333 K and 40.0 MPa adapted from Paula et al.
[65] and as shown in Table 5, sinapic acid has the lowest solubility,
followed by chrysin, and protocathechuic acid. When a comparison was
made to the molecular weight and structure of sinapic acid and proto-
cathechuic acid, it is plausible that sinapic acid has a much lower sol-
ubility as opposed to protocatechuic acid. From a molecular weight
perspective, sinapic acid is heavier than protocatechuic acid. In the
context of molecular structure, two methoxy groups (O—CHj3), 1 hy-
droxyl (OH) group and one carboxyl (R-COOH) group surrounds the
benzene ring of sinapic acid, giving rise to a more complex and bulky
structure. Protocatechuic acid, on the other hand, is relatively smaller
and simpler with only 2 hydroxyl and 1 carboxylic acid group branching
out of its benzene ring as seen in Fig. 5. This indirectly suggests that
compounds with a greater overall volume tends to have lower solubility
[68].

3.2. Quantitative evaluation and empirical model comparison

As previously specified in Section 2.1, the solubility data of each
bioactive compound in a binary supercritical system were regressed to
obtain the adjusted parameters for the 26 empirical model equations.
The correlation of solubility data with respect to the adjusted model
parameters resulted in a computed AARD for each bioactive compound.
With reference to Table 6, the lowest AARD for each bioactive com-
pound is marked in bold, indicating the best-performing empirical
model with respect to that bioactive compound. Analysing from an
overall perspective, the Belghait et al. model (8-parameter model)
resulted in the lowest AARD (%) of 7.42 %, 10.16 %, and 6.57 %,

0
H
,CO N Non

HO
OCHj

Sinapic acid
224.21 g/mol
Solubility at 333 K, 40 MPa

:7.04 x 107" mol/mol

Fluid Phase Equilibria 580 (2024) 114061

respectively for all bioactive compounds, drug-based bioactive com-
pounds, and plant-based bioactive compounds. Belghait et al. model is
also superior since its predictive performances are the best for 54 % of
the bioactive compounds studied. When the model was first proposed by
Belghait et al. [12], the performance of the model was tested based on
the solubility correlation of 210 drug-based compounds and compared
against 21 commonly-used density-based equations. In an identical
comparative study of empirical models with respect to the solubility of
pharmaceutical compounds conducted by Reddy and Garlapati [69], the
Belghait et al. model again, emerged as the best performing model.
Hence, the results obtained in this study further reaffirm and trumpet
the superiority of the Belghait et al. model. Notably, the second-best
overall model that is able to predict the solubility of both plant- and
drug-based solutes is the 6-parameter Jouyban model, achieving lowest
AARD (%) of 12 % for the compounds studied. From these findings, the
accuracy of the correlation is hypothetically affected by the number of
parameters in the correlation. Besides, it is worth noting that the
Modified Chrastil Model (2), as presented in Table 2 as Equation 15(a)
has the exact same mathematical formula as that of the Bian model,
therefore resulting in the same computed AARD. Due to the aforemen-
tioned reason, the numerical AARD figures for Modified Chrastil Model
(2) are not tabulated in Tables 6, 7, and 8.

To the best of knowledge, a comprehensive comparative study per-
taining the performance of the empirical models on both plant- and
drug-based solutes are scarce, as majority are aimed at drugs for instance
in these references [9,12,37]. In a recent work carried out by Antonie
and Pereira [8], a similar approach was taken in analysing, nevertheless,
only a limited number of compounds were compared and the respective
AARD computed was obtained from only 4 models [8].

In addition to analysing the performance of all 26 models as a whole,
the effectiveness of the models is gauged according to the number of
parameters (3, 4, 5, and 6) presented in the equation. The results of the
evaluation are presented and segregated according to drug- (Table 7)
and plant- (Table 8) based bioactive compounds. For both plant- and
drug-based compounds, a consistency in results can be observed where
Kumar and Johnston model, Sung and Shim model, as well as Moussa
et al. model best-correlated the solubility data among all 3, 4, and 6-
parameter models, respectively. Moreover, the satisfactory perfor-
mance of the Jouyban as a 6-parameter model in this study showed
consistency with the results attained by Belghait et al. [12] and Sodei-
fian, Arbab Nooshabadi, et al. [81]. However, it is worth noting the
difference in the results for the 5-parameter models. For drug-based
compounds, Adachi and Lu model was able to best correlate the solu-
bility data, whereas Keshmiri et al. model resulted in the lowest overall
AARD for plant-based compounds. Similar results were attained in the

O OH

OH
OH

Protocatechuic acid
154.12 g/mol
Solubility at 333 K, 40 MPa

m: 1.06 x 10 mol/mol

Fig. 5. Molecular structure and solubility data of Sinapic acid and Protocatechuic acid at 333 K and 40 MPa.



Table 6

Computed AARD (%) for Bioactive Compounds

Bioactive compounds

Absolute average deviation (AARD%)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Theobromine 6.30 8.32 8.94 6.29 5.63 480 6.29 428 6.01 3.89 448 480 398 466 466 461 408 4.00 407 400 410 470 439 3.81 416
Theophylline 5.33 5.63 5.78 5.31 540 538 5.33 493 523 527 528 535 542 527 528 531 492 753 361 455 543 427 527 474 3.39
Caffeine 4.95 3.55 5.66 4.71 345 516 3.25 345 320 344 347 3.07 305 295 324 343 320 10.03 3.01 339 376 288 291 290 2.85
Vitamin D3 22.69 2375 2230 2276 23.13 21.36 23.93 21.28 22.58 23.03 23.86 23.70 24.68 22.53 1891 19.20 21.32 22.42 21.63 18.71 32.60 20.23 19.19 16.92 16.72
Vitamin D2 21.49 7.84 9.68 10.67 11.85 12.39 15.73 9.54 18.48 9.29 9.58 690 7.65 479 494 929 439 826 434 391 573 478 446 338 3.37
Vitamin E (alpha) 3.67 3.83 4.51 3.55 313 426 3.48 316 295 3.04 302 370 377 305 298 303 293 681 29 361 347 327 3.06 334 264
Vitamin E (gamma) 3.95 3.59 4.91 3.84 3.05 456 3.65 310 292 3.09 310 364 354 311 29 311 289 9.01 3.06 361 347 324 3.07 328 283
Vitamin K1 5.04 4.91 5.43 4.90 5.05 6.90 4.75 497 431 497 473 440 503 456 420 361 430 838 464 736 400 505 361 376 3.53
Atropine 18.88 19.90 18.28 19.02 17.56 1855 17.33 17.38 18.04 17.55 17.64 20.41 1898 16.98 15.18 17.66 16.68 16.52 15.71 16.45 18.06 19.45 16.96 16.24 12.56
Codeine 1497 1270 1445 1491 946 1521 1432 9.64 12.07 971 9.53 10.64 10.06 9.35 950 9.73 10.89 20.07 9.20 10.55 12.18 7.89 9.54 9.11 8.67
T1 17.04 2234 2280 16.93 25.20 20.49 15.89 22.83 17.92 2256 1590 16.11 16.50 14.82 14.32 13.46 16.50 14.85 11.96 31.98 15.20 17.78 12.83 13.31 12091
T2 11.90 16.47 18.05 11.85 9.41 1245 11.38 797 9.01 787 928 785 805 739 872 937 798 1703 7.8 826 563 523 748 852 7.59
T3 15.84 19.80 21.16 15.81 11.79 13.98 1535 11.06 13.80 10.67 11.20 11.13 1091 11.38 11.13 11.17 11.40 16.54 11.03 6.90 6.80 7.47 11.15 10.75 10.03
T4 22.06 27.68 28.33 2239 20.90 23.55 21.44 21.31 23.51 21.12 23.38 21.51 21.32 2296 23.28 23.35 21.93 25.36 21.05 18.15 20.63 18.09 22.90 23.05 23.01
Flurbiprofen 11.36  14.03 15.65 11.35 8.08 802 11.35 735 851 723 7.58 837 724 767 762 670 760 1534 7.67 766 624 6.18 718 6.71 6.64
Aspirin 35.41 33.43 37.21 3515 3585 48.98 32.42 3940 36.78 43.06 39.22 44.33 41.56 33.35 37.36 43.99 44.36 33.20 44.21 57.83 47.33 51.87 40.80 40.73 38.88
d-Pinitol 121.0 139.2 1421 121.0 963 375 1242 411 750 281 398 472 283 358 401 356 31.0 748 30.76 22.02 66.07 26.19 34.24 36.67 33.0
Apricot Kernel Oil 8.28 12.37  11.19 8.33 8.04 7.19 8.50 6.59 806 9.62 6.06 536 887 662 554 630 513 499 135 180 N/A 825 196 174 142
Sunflower Oil 16.30 23.80 18.46 16.31 23.88 9.63 16.62 11.06 12.16 11.03 813 11.96 11.59 7.76 18.46 11.30 12.24 16.87 7.88 17.07 N/A 9.73 699 6.77 5.73
Tridodecylamine 21.92 11.58 11.61 2191 23.16 1596 21.81 14.58 19.56 10.88 19.52 21.79 10.94 18.87 18.76 12.85 19.45 20.86 14.82 53.62 55.81 20.48 12.90 14.47 13.02
Piperine 21.14 18.82 1930 21.13 1460 16.78 21.13 13.85 20.94 13.41 13.75 11.34 13.96 14.02 10.62 13.51 10.21 11.15 8.65 6.99 11.65 10.02 13.75 9.42 6.71
Maleic Acid 47.97 51.00 49.34 4794 49.16 93.03 43.25 49.16 58.51 50.07 48.30 45.74 51.53 42.79 59.15 49.17 58.53 59.17 58.42 44.56 55.72 67.65 44.37 60.33 44.46
Red Pepper Oil 17.95 22,79 2452 17.95 14.68 1847 18.18 10.03 10.93 13.16 13.78 17.09 12.63 13.72 10.23 13.63 11.10 844 9.15 10.83 N/A 7.41 13.63 12.89 8.12
Mesquite Gum 5.27 4.74 6.26 5.22 529 6.89 3.94 513 444 446 49 420 394 378 418 451 394 566 378 481 N/A 523 379 388 251
Benzamide 13.82 14.00 1535 13.82 810 61.59 1421 4.09 6.24 584 550 933 551 549 398 549 594 362 381 631 266 432 557 564 237
Oleic acid 41.72 37.11 30.08 40.01 37.68 16.66 39.46 13.39 3859 2592 36.31 37.82 31.28 33.27 14.94 1587 30.62 27.16 12.10 20.63 23.06 26.74 15.83 12.28 9.71
Ketoprofen 5.70 5.83 5.67 5.77 7.93 636 5.73 577 549 551 554 793 574 568 542 558 534 540 563 863 9.63 1313 569 585 5.38
Diclofenac Acid 9.54 10.17  9.68 9.61 7.46 10.53 8.95 599 956 6.70 657 811 861 531 424 660 581 10.63 472 20.26 19.84 13.19 540 501 4.06
Gabapentin 12,15 11.58 11.77 1219 13.24 1245 1215 12.84 11.80 11.74 11.96 1271 11.51 11.94 11.99 11.31 11.80 16.43 11.07 17.91 18.76 13.42 11.31 11.63 10.23
Megestrol acetate 25.02 25.68 26.02 2473 2223 2299 2243 22.77 2451 2240 2222 21.81 23.06 20.04 21.31 22.80 19.99 18.96 20.25 24.61 21.85 23.88 19.70 21.10 19.39
Hemp Seed Oil 12.73 20.61 2222 1291 15.87 1225 11.21 13.79 12.74 1450 11.30 13.24 1572 11.37 6.77 11.14 12.83 1581 9.15 482 N/A 512 11.39 7.20 4.25
Niflumic acid 2.60 4.46 2.87 2.83 445 141 1.42 272 117 275 239 467 434 117 105 191 093 187 1.06 252 589 321 118 086 0.86
2,3,5,6-Tetrachloropyridine ~ 6.83 4.48 5.29 6.83 4.84 373 691 328 409 228 295 550 193 292 245 259 335 16.54 214 13.65 20.81 544 251 199 2.02
Moringa Oleifera Oil 5.27 3.56 2.93 5.11 5.62 584 4.30 451 337 267 320 317 286 193 311 312 325 613 192 835 N/A 374 145 165 1.48
Castor Oil 1.38 3.50 1.87 1.57 4.08 248 1.19 269 100 167 107 355 326 08 09 087 077 250 128 337 N/A 362 085 141 0.72
Clove Oil (spice) 1.32 13.15 13.40 1.32 1.26 187 1.12 1.23 120 119 132 086 126 1.08 075 052 039 089 045 1.08 N/A 083 056 050 0.44
Vanillin 35.39 3272 3442 3541 3746 44.78 36.84 37.49 12.48 34.84 3511 3579 32.08 36.15 17.58 34.04 12.15 36.37 14.22 43.47 3891 28.12 35.29 18.90 14.16
Chrysin 16.44 16.51 16.46 16.44 1598 1299 16.43 16.05 16.54 14.95 13.77 11.79 14.83 13.75 11.34 13.80 11.30 12.05 11.28 11.57 11.49 10.82 13.73 11.29 11.34
Sinapic acid 27.77 27.89 27.58 27.76 2826 28.19 28.00 28.03 27.15 27.80 27.70 29.00 28.04 28.00 27.83 27.78 28.42 28.26 29.23 28.97 29.03 30.27 27.64 26.96 27.17
Protocatechuic acid 17.79 17.94 1859 17.77 16.92 14.13 17.34 16.66 15.57 15.07 14.68 14.81 15.06 14.22 14.65 14.44 15.07 14.66 15.13 14.33 18.30 12.58 13.77 14.25 13.66
Palm Kernel Shell (bio-oil) 5.23 4.93 5.34 5.17 485 348 4.66 331 355 346 354 427 371 352 346 337 352 321 353 349 N/A 344 353 354 353
Quinine 23.43 26.62 2536 2343 20.87 3856 23.53 19.55 23.17 34.42 20.53 14.45 20.54 19.57 16.52 15.28 13.85 14.20 15.23 18.07 31.39 15.15 14.55 13.28 12.24
Aprepitant 20.71 1829 20.26 20.64 1522 16.83 20.50 1291 10.79 14.12 1277 1791 13,53 9.19 9.27 12,55 10.65 13.32 854 10.09 14.88 11.97 9.17 815 7.58
Amiodarone Hydrochloride 9.02 10.82 11.13 8.98 14.56 12.65 8.68 13.38 8.82 11.14 897 831 1045 859 755 852 7.72 1259 7.65 1837 732 6.20 831 838 7.12
Curcumin 5.89 11.68 11.34 5.89 436 549 5.85 406 579 3.82 432 294 408 412 228 421 264 373 164 264 279 1.62 392 259 198
Green Coffee Oil 11.03 11.80 10.38 11.17 11.43 7.63 8.89 9.27 792 927 892 11.61 1136 824 822 826 854 803 762 911 N/A 648 667 711 176
Vitamin E Acetate 1.01 2.15 2.07 0.02 0.02 0.74 0.00 0.34 0.02 0.00 1.03 141 0.00 0.00 059 095 046 0.04 007 008 N/A 001 036 083 0.06
Warfarin 12.66 18.15 1835 17.28 13.47 9.77 16.99 1413 15.93 13.94 11.64 13.97 1397 11.49 852 884 1399 1413 7.61 858 952 1439 886 691 279
Loratadine 2474 17.18 1871 2468 1461 21.30 24.80 13.43 18.88 12.84 13.88 13.49 13.53 1499 13.86 11.45 1290 13.20 12.86 19.03 31.54 10.84 11.52 11.00 10.81
Letrozole 10.42 1442 1210 1037 16.73 12.47 9.41 10.44 10.30 12.38 10.44 9.59 1443 9.15 946 1051 9.56 10.71 8.52 20.09 26.97 10.00 9.07 8.86 3.88
Chloropropamide 4.65 10.82  5.50 4.36 12.28 11.61 3.73 5,52 454 472 434 362 737 366 455 442 451 1466 3.02 10.89 9.12 426 284 299 275
Toltbutamide 6.91 15.12  9.69 7.07 1494 8.68 6.51 548 425 884 639 932 1323 617 418 6.17 3.02 390 279 1030 1475 7.84 6.14 232 231
Apple seed oil 31.61 3477 31.44 31.69 3446 19.70 29.54 3232 11.22 13.58 2292 29.20 15.18 22.54 11.84 2248 11.59 3510 11.58 14.40 N/A 15.08 22.32 11.71 10.94

(continued on next page)
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Table 6 (continued)

Bioactive compounds

Absolute average deviation (AARD%)

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Red Palm Oil 41.12 41.83 42.06 41.12 30.64 29.97 41.01 14.43 40.12 10.47 19.17 14.89 10.52 18.33 17.15 10.94 11.97 10.61 11.17 9.92 N/A 9.77 10.60 10.03 10.51
Arachis Hypogea Skin Oil 9.27 16.00 16.56 9.27 9.47 10.12 8.94 9.14 998 631 927 984 948 874 987 950 10.02 845 10.10 693 N/A 9.80 867 10.11 4.19
Cefuroxime Axetil 6481 64.70 64.57 64.83 49.70 40.15 63.77 28.16 64.15 18.90 28.43 23.53 18.93 27.81 22.33 20.02 21.96 14.47 18.69 14.41 14.31 1555 19.90 16.27 14.42
Cinnamic acid 4.92 9.43 9.58 4.92 452 11.10 5.06 440 487 439 382 318 505 402 364 335 246 332 283 728 362 227 316 148 149
Beta Karotene 11.45 28.17 27.57 11.68 13.59 10.85 10.57 8.25 11.20 8.04 11.25 5.93 10.13 10.48 10.90 9.68 4.99 7.88 4.59 36.01 45.24 535 9.28 10.00 7.39
Imatinib Mesylate 43.81 42.05 4272 4375 36.61 32.56 4294 3342 4196 28.63 30.77 21.29 29.09 31.14 28.06 30.77 18.18 24.56 18.30 8.89 18.82 15.30 31.13 24.02 21.12
Sorafenib Tosylate 1414 15.62 16.61 1415 9.24 13.07 1390 821 11.44 8.43 844 11.83 872 6.75 824 848 1022 836 828 6.65 1046 10.08 6.74 8.85 5.75
Sutinitib Mesylate 19.87 24.43 25.33 19.90 17.60 20.72 19.40 9.40 15.60 12.65 14.65 16.83 9.50 14.48 13.74 13.70 15.16 8.10 13.45 9.12 7.09 9.41 12.41 14.60 10.93
Esomeprazole (ESM) 11.64 1340 1433 11.60 1498 15.64 11.38 14.74 10.18 1392 11.60 11.30 13.28 11.45 9.16 10.42 996 1237 997 20.87 10.07 9.52 10.15 9.45 7.98
Paeonol (Peanut oil) 9.05 9.46 9.14 9.02 8.75 8.67 7.50 867 894 871 880 828 880 724 857 844 753 783 778 879 N/A 7.66 7.04 841 6.82
Passion Fruit seed oil 10.75 9.75 10.04 10.58 9.23 9.48 9.69 8292 9.65 10.17 960 9.72 9.58 10.58 941 931 9.62 803 9.03 232 N/A 301 919 922 0.60
Pomegranate seed oil 10.56 10.46 10.63 10.55 10.49 5.29 8.54 861 534 861 447 854 864 483 505 148 368 383 353 860 N/A 854 150 152 1.25
Roselle seed oil 12.39 1448 14.87 1246 1242 12.37 11.59 12.44 12.74 12.69 12.42 12.60 1293 9.47 1247 1217 11.50 11.00 10.39 1.60 N/A 429 838 10.86 4.38
Repaglinide Drug 19.85 17.08 17.25 19.68 13.56 14.18 19.15 13.64 18.42 1273 1236 11.33 13.37 12,53 10.76 12.54 11.65 13.31 9.57 11.23 11.43 899 12.64 9.71 8.77
Azathriopine 6.23 7.06 8.49 6.16 6.72 941 525 6.18 500 594 565 509 546 520 488 552 510 6.59 508 11.30 514 7.28 531 495 4.72
Phosphatidylcholine 9.35 6.51 7.16 9.29 5.57 7.27 7.54 536 497 553 393 687 468 365 390 225 299 589 267 220 601 401 183 237 0.57
Sertraline Hydrochloride 16.33 16.38 15.38 16.35 15.45 15.29 16.45 12.37 16.27 14.80 14.00 11.75 16.37 14.00 11.17 1391 9.69 10.90 8.86 18.60 19.81 6.28 13.96 10.42 8.41
Laminarin 4.79 7.61 7.89 4.79 292 216 4.71 264 365 264 249 274 267 258 193 235 289 284 1.81 224 N/A 205 240 187 1.99
Quercus infectoria 4.44 5.57 5.69 4.45 4.24 347 3.23 3.77 428 366 359 379 361 192 323 352 332 344 214 178 N/A 164 163 261 1.62
Sodium Valproate 7.34 8.22 9.25 7.34 10.89 11.51 7.14 948 6.67 870 692 631 837 682 648 569 648 849 6.25 1756 572 650 564 569 5.39
Average AARD 16.65 18.17 18.18 16.52 15.48 15.64 16.06 13.35 14.21 12.07 12.31 12.69 12.18 11.57 10.83 11.27 10.78 13.45 9.72 13.02 17.12 10.83 10.51 9.91 7.42
MIN AARD 1.01 2.15 1.87 0.02 0.02 0.74 0.00 0.34 0.02 0.00 1.03 0.86 0.00 000 0.59 059 052 039 0.07 0.08 266 001 036 0.50 0.06
MAX AARD 120.96 139.18 142.09 120.95 96.30 93.03 124.20 82.92 75.03 50.07 48.30 47.18 51.53 42.79 59.15 59.15 49.17 58.53 58.42 57.83 66.07 67.65 44.37 60.33 44.46
Table 7
Comparison of computed AARD among 3, 4, 5, and 6-model parameters for drug-based bioactive compounds.
Bioactive compound Empirical model equation
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25!

Atropine 18.88 1990 18.28 19.02 17.56 1855 17.33 17.38 18.04 17.55 17.64 20.41 1898 16.98 15.18 17.66 16.68 16.52 15.71 16.45 18.06 19.45 16.96 16.24 12.56
Codeine 1497 1270 1445 1491 9.46 15.21 14.32 9.64 12.07 9.71 9.53 10.64 10.06 9.35 9.50 9.73 10.89 20.07 9.20 10.55 12.18 7.89 9.54 9.11 8.67
T1 17.04 22.34 2280 16.93 2520 20.49 15.89 2283 17.92 2256 1590 16.11 16.50 14.82 14.32 13.46 16.50 14.85 11.96 31.98 15.20 17.78 12.83 13.31 1291
T2 11.90 16.47 18.05 11.85 9.41 1245 1138 797 901 787 928 785 805 739 872 937 798 1703 786 826 563 523 748 852 7.59
T3 15.84 19.80 21.16 15.81 11.79 13.98 15.35 11.06 13.80 10.67 11.20 11.13 1091 11.38 11.13 11.17 11.40 16.54 11.03 690 6.80 7.47 11.15 10.75 10.03
T4 22.06 27.68 28.33 2239 20.90 23.55 21.44 21.31 23.51 21.12 23.38 21.51 21.32 2296 23.28 23.35 21.93 25.36 21.05 18.15 20.63 18.09 22.90 23.05 23.01
Flurbiprofen 11.36 14.03 1565 11.35 8.08 8.02 11.35 735 851 723 758 837 724 767 762 670 7.60 1534 767 766 6.24 6.18 7.18 6.71 6.64
Aspirin 3541 33.43 37.21 35.15 3585 48.98 32.42 39.40 36.78 43.06 39.22 44.33 41.56 33.35 37.36 43.99 44.36 33.20 44.21 57.83 47.33 51.87 40.80 40.73 38.88
d-Pinitol 121.0 139.2 1421 121.0 96.3 375 1242 411 750 281 39.8 47.2 283 358 40.1 356 31.0 748 308 22.0 66.1 26.2 342 36.7 33.0
Tridodecylamine 2192 11.58 11.61 21.91 23.16 1596 21.81 14.58 19.56 10.88 19.52 21.79 10.94 18.87 18.76 12.85 19.45 20.86 14.82 53.62 55.81 20.48 12.90 14.47 13.02
Benzamide 13.82 14.00 1535 13.82 8.10 61.59 1421 4.09 6.24 584 550 9.33 551 549 398 549 594 3.62 381 6.31 266 432 557 564 237
Ketoprofen 5.70 5.83 5.67 5.77 793 6.36 573 5.77 5.49 551 554 793 574 568 542 558 534 540 563 863 9.63 1313 569 585 538
Diclofenac Acid 9.54 10.17 9.68 9.61 7.46 10.53 8.95 5.99 9.56 6.70 6.57 8.11 8.61 5.31 4.24 6.60 5.81 10.63 4.72 20.26 19.84 13.19 5.40 5.01 4.06
Gabapentin 12.15 11.58 11.77 1219 13.24 1245 1215 12.84 11.80 11.74 11.96 1271 11.51 11.94 11.99 11.31 11.80 16.43 11.07 17.91 18.76 13.42 11.31 11.63 10.23
Megestrol acetate 25.02 25.68 26.02 24.73 22.23 2299 2243 22.77 2451 2240 2222 21.81 23.06 20.04 21.31 22.80 19.99 18.96 20.25 24.61 21.85 23.88 19.70 21.10 19.39
Niflumic acid 2.60 4.46 2.87 2.83 445 141 1.42 272 117 275 239 467 434 117 105 191 093 187 106 252 589 3.21 1.18 0.86 0.86
2,3,5,6-Tetrachloropyridine 6.83 4.48 5.29 6.83 4.84 3.73 6.91 3.28 4.09 2.28 2.95 5.50 1.93 292 245 2.59 3.35 16.54 2.14 13.65 20.81 5.44 2.51 1.99 2.02
Aprepitant 20.71 1829 20.26 20.64 15.22 16.83 20.50 1291 10.79 14.12 1277 1791 13.53 9.19 9.27 1255 10.65 13.32 854 10.09 14.88 11.97 9.17 8.15 7.58
Amiodarone Hydrochloride 9.02 10.82 11.13 8.98 14.56 12.65 8.68 13.38 8.82 11.14 897 831 1045 859 755 852 772 1259 7.65 1837 7.32 620 831 838 7.12
Warfarin 12.66 18.15 1835 17.28 13.47 9.77 16.99 14.13 15.93 13.94 11.64 13.97 1397 11.49 8.52 8.84 13.99 14.13 7.61 858 9.52 14.39 8.86 6.91 2.79
Loratadine 2474 17.18 1871 24.68 14.61 21.30 24.80 13.43 18.88 12.84 13.88 13.49 13.53 14.99 1386 11.45 1290 13.20 12.86 19.03 31.54 10.84 11.52 11.00 10.81
Letrozole 10.42 1442 1210 10.37 16.73 12.47 9.41 10.44 10.30 12.38 10.44 9.59 14.43 9.15 9.46 10.51 9.56 10.71 8.52 20.09 26.97 10.00 9.07 8.86 3.88
Chloropropamide 4.65 10.82 5.50 4.36 12.28 11.61 3.73 5.52 4.54 4.72 4.34 3.62 7.37 3.66 4.55 4.42 4.51 14.66 3.02 10.89 9.12 4.26 2.84 299 2.75

(continued on next page)
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Table 7 (continued)

Empirical model equation

Bioactive compound

11 12 13 14 15 16 17 18 19 20 21 22 23 24 25!

10

6.14 232 231

10.30 14.75 7.84

6.17 3.02 390 279

4.18

15.12  9.69 7.07 1494 868 6.51 548 425 884 639 932 1323 6.17

6.91
64.81

Toltbutamide

28.16 64.15 18.90 28.43 23.53 18.93 27.81 22.33 20.02 21.96 14.47 18.69 14.41 14.31 1555 19.90 16.27 14.42

33.42 41.96 28.63 30.77 21.29 29.09 31.14 28.06 30.77 18.18 2456 18.30 8.89

49.70 40.15 63.77

64.57 64.83

64.70
42.05

Cefuroxime Axetil
Imatinib Mesylate

Sorafenib Tosylate

18.82 15.30 31.13 24.02 21.12
10.46 10.08 6.74

7.09

43.75 36.61 32.56 42.94
9.24

42.72

43.81

5.75

8.85

11.83 872 6.75 824 848 10.22 836 828 6.65

11.44 843 844

8.21
9.40

13.07 13.90

15.62 16.61 14.15
25.33

24.43

14.14

14.60 10.93

12.41

9.41

13.45 9.12

13.70 15.16 8.10

10.42 9.96

14.48 13.74
11.45 9.16

16.83 9.50

15.60 12.65 14.65

17.60 20.72 19.40

14.98

19.90
11.60
19.68
16.35
6.16
7.34

19.87
11.64
19.85
16.33
6.23
7.34

Sutinitib Mesylate

ESM

7.98
8.77

20.87 10.07 9.52 10.15 9.45

12.37 9.97

14.74 10.18 13.92 11.60 11.30 13.28

15.64 11.38

14.33
17.25
15.38
8.49
9.25

13.40
17.08
16.38
7.06
8.22

12.64 9.71

11.23 11.43 8.99
18.60 19.82 6.28

11.30 5.14

13.64 18.42 12.73 12.36 11.33 13.37 12.53 10.76 12.54 11.65 13.31 9.57
12.37 16.27 14.80 14.00 11.75 16.37

6.18
9.48

13.56 14.18 19.15

Repaglinide Drug

13.96 10.42 8.41

5.31
5.64

10.90 8.86
6.59

14.00 11.17 1391 9.69
8.49

5.20
6.82

15.45 15.29 16.45

6.72

Sertraline Hydrochloride

Azathriopine

4.72
5.39

4.95

5.69

7.28
6.50

5.08
6.25

5.00 594 565 5.09 5.46 4.88 5.52 5.10
6.67 870 6.92 6.31 8.37 6.48 5.69 6.48

5.25

9.51

17.56 5.72

10.89 11.51 7.14

Sodium Valproate
Average AARD
MIN AARD

MAX AARD

12.84 12.48 15.69 11.29 16.46 17.28 12.47 12.16 11.64 10.16
1.91

13.97 16.98 13.29 13.68 14.39 13.46 12.87 12.38

2.72

21.43 21.70 20.10 18.26 18.17 19.61
2.87 4.45

4.46

19.97
2.60

1.87 1.06 252 266 321 118 0.86 0.86

0.93

228 239 362 193 117 1.05

1.17

1.42

1.41

2.83

57.83 66.10 51.87 40.80 40.73 38.88

120.96 139.18 142.09 120.95 96.30 61.59 124.20 41.05 75.03 43.06 39.79 47.18 41.56 35.82 40.13 43.99 44.36 74.82 44.21

Number of Parameters

! Comparison is inapplicable as there is only one 8-parameter empirical model
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study by Belghait et al. whereby amongst all the 5-parameter models,
Adachi and Lu model demonstrated outstanding performance in corre-
lating the data of 210 drug-based compounds [12,77]. Fig. 6 shows the
AARD obtained from both Adachi and Lu model, and Keshmiri et al.
model for plant-based bioactive compounds. The value of the x-axis of
Fig. 6 corresponds to the number of sequences of plant-based bioactive
compounds listed in Table 5. As showed in Fig. 6, there is only a minor
difference the AARD (%) difference computed between Adachi and Lu
model, and Keshmiri et al. model.

As observed from Table 7, the lowest AARD of 0.86 % is attained
from both Moussa et al. model (6-parameter model) and Belghait et al.
model (8-parameter model). The highest AARD of 64.81 % is found from
the use of Chrastil Equation (3-parameter model). While for plant-based
bioactive compound, the adoption of both Ch and Madras (4-parameter
model) and Garlapati and Madras (II) (5-paramenter model) results in
the minimum AARD of 0.00 %. The maximum AARD of 60.33 % is
computed when Moussa et al. model (6-parameter model) is utilized.
From the AARD results shown in Tables 7 and 8 for drug- and plant-
based bioactive compounds, it can be affirmed that the type of com-
pound is not a deciding factor for the range of AARD computed. In
addition, there is no specific correlation that best fits all compounds.

By summarizing minimum and maximum of%AARD for each drug-
and plant-based bioactive compound in Tables 9-10 and further analyze
them, it is more apparent that no model works perfectly well for all
bioactive compounds. Generally, the solubility model possesses high
predictive accuracy when it has more model parameters and each
bioactive compound has its own reliable solubility predictive model.
Nonetheless, considering molecular complexity and weight, and polarity
of the respective bioactive compound, hypothetically, they can also be
the influencing factors for the model predictive performance. For
example, by benchmarking d-pinitol (complexity: 158, molecular
weight: 194.18 g/mol) and vitamin E acetate (complexity: 602, MW:
472.7 g/mol) [58], it is evident from Tables 7 to 10, that for all models,
predictive accuracies for d-pinitol solubility seems to be consistently
poorer in comparison to vitamin E acetate solubility prediction. There-
fore, there may be identified patterns that the models presumably
perform better for compounds having higher molecular complexities
and weights. On the perspective of bioactive compound polarity,
vitamin E acetate, maleic acid, and d-Pinitol have topological polar
surface areas of 35.5 Angstroms?, 74.6 Angstroms?, and 110 Ang-
strémsz, respectively [58]. The above data demonstrated that predictive
solubility models overall work better with compounds having lower
polarity. These phenomena are likely to be consistent with the fact that
supercritical CO5 is non-polar solvent [54] and it will only be effective to
dissolve non-polar or less polar compounds.

4. Conclusions

Solubility data compilation of a total of 33 drugs and 40 plant-based
bioactive compounds in supercritical carbon dioxide was correlated
according to 26 commonly-used density-based models. The influence of
temperature, pressure, and structural complexity on the solubility of the
bioactive compounds were thoroughly discussed and evaluated. Find-
ings include a stronger influence of molecular complexity as opposed to
molecular weight on the solubility of these solutes in a supercritical
system. It should be highlighted that literature pertaining to a compre-
hensive solubility review on both plant- and drug-based compounds are
scarce. The performance of 26 empirical models were gauged in accor-
dance with the computed AARD when the solubility data gathered from
the past 25 years (1994 — 2019) were correlated, and the adjusted pa-
rameters determined. Comparison work resulted in the 8-parameter
Belghait et al. model correlating the solubility data the best as it was
able to compute lowest AARD (%) for majority of the bioactive com-
pounds considered.
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Table 8

Comparison of computed AARD among 3, 4, 5, and 6-model parameters for plant-based bioactive compounds.

Bioactive compound

Empirical model equation

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25'

Theobromine 6.30 832 894 629 563 480 629 428 601 3.89 448 480 398 466 466 461 408 4.00 4.07 400 410 470 439 3.81 416
Theophylline 533 563 578 531 540 538 533 493 523 527 528 535 542 527 528 531 492 753 3.61 455 543 427 527 474 3.39
Caffeine 4.95 3.55 5.66 4.71 3.45 516 3.25 3.45 3.20 3.44 3.47 3.07 3.05 295 3.24 3.43 3.20 10.03 3.01 339 376 2.88 2091 2.90 2.85
Vitamin D3 22.69 2375 22.30 22.76 23.13 21.36 23.93 21.28 2258 23.03 23.86 23.70 24.68 2253 18.91 19.20 21.32 22.42 21.63 1871 32.60 20.23 19.19 16.92 16.72
Vitamin D2 21.49 7.84 9.68 10.67 11.85 1239 1573 9.54 1848 9.29 958 6.90 7.65 479 494 929 439 826 434 391 573 478 446 3.38 3.37
Vitamin E (alpha) 3.67 3.83 4.51 3.55 3.13 426 3.48 3.16 295 3.04 3.02 3.70 3.77 3.05 2.98 3.03 293 6.81 290 361 3.47 3.27 3.06 3.34 2.64
Vitamin E (gamma) 395 359 491 384 3.05 456 365 310 292 3.09 310 364 354 311 29 311 289 9.01 3.06 361 347 324 3.07 328 283
Vitamin K1 504 491 543 490 5.05 690 475 497 431 497 473 440 503 456 420 3.61 430 838 464 736 464 505 3.61 376 3.53
Apricot Kernel Oil 8.28 12.37 11.19 8.33 8.04 7.19 8.50 6.59 8.06 9.62 6.06 5.36 887 6.62 5.54 6.30 5.13 4.99 1.35 1.80 23.06 8.25 1.96 1.74 1.42
Sunflower Oil (stearic acid) 16.30 23.80 18.46 16.31 23.88 9.63 16.62 11.06 12.16 11.03 8.13 11.96 11.59 7.76 18.46 11.30 12.24 16.87 7.88 17.07 N/A 9.73 6.99 6.77 5.73
Black Pepper Piperine 21.14 18.82 19.30 21.13 14.60 16.78 21.13 13.85 20.94 13.41 13.75 11.34 13.96 14.02 10.62 13.51 10.21 11.15 865 6.99 885 10.02 13.75 9.42 6.71
Maleic Acid 47.97 51.00 49.34 47.94 49.16 93.03 43.25 49.16 58.51 50.07 48.30 45.74 51.53 42.79 59.15 49.17 5853 59.17 58.42 44.56 55.72 67.65 44.37 60.33 44.46
Red Pepper Oil (linoleic acid) 17.95 22.79 2452 1795 14.68 1847 18.18 10.03 10.93 13.16 13.78 17.09 12.63 13.72 10.23 13.63 11.10 8.44 9.15 10.83 N/A 7.41 13.63 12.89 8.12
Mesquite Gum 527 474 626 522 529 689 394 513 444 446 496 420 394 378 418 451 394 566 3.78 481 N/A 523 379 3.88 251
Oleic acid 41.72 37.11 30.08 40.01 37.68 16.66 39.46 13.39 38.59 2592 36.31 37.82 31.28 33.27 14.94 15.87 30.62 27.16 12.10 20.63 23.06 26.74 15.83 12.28 9.71
Hemp Seed Oil 12.73 20.61 22.22 1291 15.87 12.25 11.21 13.79 12.74 1450 11.30 13.24 15.72 11.37 6.77 11.14 12.83 15.81 9.15 4.82 N/A 5.12 11.39 7.20 4.25
Moringa Oleifera Oil 527 356 293 511 562 584 430 451 337 267 320 317 286 193 311 312 325 613 192 835 N/A 374 145 165 1.48
Castor Oil 1.38 350 1.87 157 4.08 248 119 269 100 167 107 355 326 08 090 087 077 250 128 337 N/A 362 0.85 141 0.72
Clove Oil (spice) 1.32 13.15 13.40 1.32 1.26 1.87 1.12 1.23 1.20 1.19 1.32 0.86 1.26 1.08 0.75 0.52 0.39 0.89 0.45 1.08 N/A 0.83 0.56 0.50 0.44
Vanillin 35.39 32.72 34.42 35.41 37.46 44.78 36.84 37.49 12.48 34.84 35.11 35.79 32.08 36.15 17.58 34.04 12.15 36.37 14.22 43.47 3891 28.12 35.29 18.90 14.16
Chrysin 16.44 16.51 16.46 16.44 15.98 1299 16.43 16.05 16.54 14.95 13.77 11.79 14.83 13.75 11.34 13.80 11.30 12.05 11.28 11.57 11.49 10.82 13.73 11.29 11.34
Sinapic acid 27.77 27.89 27.58 27.76 28.26 28.19 28.00 28.03 27.15 27.80 27.70 29.00 28.04 28.00 27.83 27.78 28.42 28.26 29.23 2897 29.03 30.27 27.64 26.96 27.17
Protocatechuic acid 17.79 17.94 18.59 17.77 16.92 14.13 17.34 16.66 15.57 15.07 14.68 14.81 15.06 14.22 14.65 14.44 15.07 14.66 15.13 14.33 18.30 12.58 13.77 14.25 13.66
Palm Kernel Shell (bio-oil) 523 493 534 517 485 348 466 331 355 346 354 427 371 352 346 337 352 321 353 349 N/A 3.44 353 354 353
Quinine 23.43 26.62 25.36 23.43 20.87 38.56 23.53 19.55 23.17 34.42 20.53 14.45 20.54 19.57 16.52 15.28 13.85 14.20 15.23 18.07 31.39 15.15 14.55 13.28 12.24
Curcumin 5.89 11.68 11.34 589 436 549 585 4.06 579 382 432 294 408 412 228 421 264 373 164 264 279 1.62 392 259 198
Green Coffee Oil 11.03 11.80 10.38 11.17 11.43 7.63 889 927 7.92 9.27 892 11.61 11.36 824 822 826 854 803 762 911 N/A 648 667 711 1.76
Vitamin E Acetate 1.01 215 207 002 002 074 0.00 034 002 000 103 141 0.00 0.00 059 095 046 0.04 007 008 N/A 001 036 083 0.06
Apple seed oil 31.61 3477 31.44 31.69 34.46 19.70 29.54 32.32 11.22 13.58 2292 29.20 15.18 22.54 11.84 2248 11.59 3510 11.58 1440 N/A 15.08 2232 11.71 10.94
Red Palm Oil 41.12 41.83 42.06 41.12 30.64 29.97 41.01 14.43 40.12 10.47 19.17 14.89 10.52 18.33 17.15 10.94 11.97 10.61 11.17 992 N/A 9.77 10.60 10.03 10.51
Arachis Hypogea Skin Oil 9.27 16.00 16.56 9.27 9.47 10.12 894 9.14 998 6.31 9.27 984 948 874 987 9.50 10.02 8.45 10.10 6.93 N/A 980 8.67 10.11 4.19
Cinnamic acid 492 943 9.58 492 452 11.10 506 4.40 487 439 382 3.18 505 402 364 335 246 332 283 728 362 227 316 1.48 1.49
Beta Karotene 11.45 28.17 27.57 11.68 13.59 10.85 10.57 825 11.20 8.04 11.25 5.93 10.13 10.48 10.90 9.68 4.99 7.88 4.59 36.01 4524 535 9.28 10.00 7.39
Paeonol (Peanut oil) 9.05 9.46 9.14 9.02 875 867 7.50 867 894 871 880 828 880 7.24 857 844 753 783 778 879 N/A 766 7.04 841 6.82
Passion Fruit seed oil 10.75 9.75 10.04 10.58 9.23 9.48 9.69 8292 9.65 10.17 9.60 9.72 9.58 1058 9.41 931 9.62 8.03 9.03 232 N/A 3.01 919 922 0.60
Quercus infectoria (oak) 4.44 5.57 5.69 4.45 4.24 3.47 3.23 3.77 4.28 3.66 3.59 3.79 3.61 1.92 3.23 3.52 3.32 3.44 2.14 1.78 N/A 1.64 1.63 2.61 1.62
Pomegranate seed oil 10.56 10.46 10.63 10.55 10.49 529 854 861 534 861 4.47 854 864 483 505 1.48 368 383 353 860 N/A 854 150 152 1.25
Roselle seed oil 12.39 14.48 14.87 1246 12.42 1237 11.59 1244 1274 12.69 1242 12.60 1293 9.47 1247 1217 11.50 11.00 10.39 1.60 N/A 4.29 838 10.86 4.38
Laminarin 4.79 7.61 7.89 4.79 292 216 4.71 2.64 3.65 2.64 2.49 274 2.67 2.58 1.93 235 2.89 2.84 1.81 224 N/A 2.05 2.40 1.87 1.99
Phosphatidylcholine 935 651 716 929 557 727 754 536 497 553 393 687 468 365 390 225 299 589 267 220 6.01 401 1.83 237 0.57
Average AARD 1391 15.48 15.27 13,57 13.18 13.56 13.12 12.85 11.92 11.05 11.18 11.29 11.12 10.50 9.56 9.98 9.39 11.60 8.42 10.18 17.17 9.47 9.15 848 6.57
MIN AARD 1.01 215 187 0.02 0.02 074 0.00 034 0.02 0.00 103 086 000 0.00 059 052 039 004 007 0.08 279 001 036 0.50 0.01
MAX AARD 47.97 51.00 49.34 47.94 49.16 93.03 43.25 82.92 58,51 50.07 48.30 45.74 51.53 4279 59.15 49.17 58.53 59.17 58.42 44.56 55.72 67.65 44.37 60.33 44.37
Number of Parameters 3 3 3 3 3 4 4 4 4 4 4 4 4 5 5 5 5 5 6 6 6 6 6 6 8

! Comparison is inapplicable as there is only one 8-parameter empirical model
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Fig. 6. Graphical representation of the difference between AARD of Adachi and Lu Model and Keshmiri Model.

Table 9

Minimum and maximum AARD for drug-based bioactive compounds.
Drug compound MIN AARD (%) MODEL MAX AARD (%) MODEL
Atropine 12.56 Belghait 20.41 Nejad
Codeine 7.89 Jouyban 20.07 Khansary
T1 11.96 Sodeifian 31.98 Gordillo
T2 5.23 Jouyban 18.05 Bartle
T3 6.80 Tippana-Garlapati 21.16 Bartle
T4 18.09 Jouyban 28.33 Bartle
Flurbiprofen 6.18 Jouyban 15.65 Bartle
Aspirin 32.42 Del valle Aguilera 57.83 Gordillo
d-Pinitol 22.02 Gordillo 142.09 Bartle
Tridodecylamine 10.88 Belghait 20.41 Nejad
Benzamide 2.37 Belghait 61.59 Modified Chrastil (2)
Ketoprofen 5.34 Keshmiri 13.13 Jouyban
Diclofenac Acid 4.06 Belghait 20.26 Gordillo
Gabapentin 10.23 Belghait 18.76 Tippana-Garlapati
Megestrol acetate 18.96 Khansary 26.02 Bartle
Niflumic acid 0.86 Belghait 5.89 Tippana-Garlapati
2,3,5,6-Tetrachloropyridine 1.93 Hozhabr 20.81 Tippana-Garlapati
Aprepitant 7.58 Belghait 20.71 Chrastil
Amiodarone Hydrochloride 6.20 Jouyban 18.37 Gordillo
Warfarin 2.79 Belghait 18.35 Bartle
Loratadine 10.81 Belghait 31.54 Tippana-Garlapati
Letrozole 3.88 Belghait 26.97 Tippana-Garlapati
Chloropropamide 2.75 Belghait 14.66 Khansary
Toltbutamide 2.31 Belghait 15.12 Mendez-Santiago-Teja
Cefuroxime Axetil 14.31 Tippana-Garlapati 64.83 Garlapati-Madras (i)
Imatinib Mesylate 8.89 Gordillo 43.81 Chrastil
Sorafenib Tosylate 5.75 Belghait 16.61 Bartle
Sutinitib Mesylate 7.09 Tippana-Garlapati 25.33 Bartle
ESM 7.98 Belghait 20.87 Gordillo
Repaglinide Drug 8.77 Belghait 19.85 Chrastil
Sertraline Hydrochloride 6.28 Jouyban 19.82 Tippana-Garlapati
Azathriopine 4.72 Belghait 11.30 Gordillo
Sodium Valproate 5.39 Belghait 17.56 Gordillo

5. Recommendations for future works

To further facilitate the growth of the supercritical fluid industry,
future research work with respect to solubility of bioactive compounds is
recommended. In terms of solubility-predictive models, the majority of
the comparative review were carried out to gauge the performance of
density-based models as opposed to the more complex thermodynamic
EOS models. In such circumstances, albeit the simplistic nature of the
density-based models, it is ideal to carry out comparative studies on both
density-based and thermodynamic EOS models. To date, review works
on the performance of both models stated are scarce in literature. In

13

addition, more research can be carried out to analyze the performance of
ternary systems, where a co-solvent is added to SC—CO,. Moreover, as
empirical models typically involve temperature, pressure, and density
parameters, future research could study the possibility of incorporating
the effects of molecular structure and polarity into the predictive
modeling equations. Subsequently, this would encourage the use of
molecular simulation as a qualitative modeling tool to gain an insight on
the effects of molecular structure and polarity towards solubility in the
supercritical systems.
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Table 10

Minimum and maximum AARD for plant-based bioactive compounds.
Plant-based compound MIN AARD (%) MODEL MAX AARD (%) MODEL
Theobromine 3.81 Moussa 8.94 Bartle
Theophylline 3.39 Belghait 7.53 Khansary
Caffeine 2.85 Belghait 10.03 Khansary
Vitamin D3 16.72 Belghait 32.60 Tippana-Garlapati
Vitamin D2 3.37 Belghait 21.49 Chrastil
Vitamin E (alpha) 2.64 Belghait 6.81 Khansary
Vitamin E (gamma) 2.83 Belghait 9.01 Khansary
Vitamin K1 3.53 Belghait 8.38 Khansary
Apricot Kernel Oil 1.35 Sodeifian 12.37 Mendez-Santiago-Teja
Sunflower Oil (stearic acid) 5.73 Belghait 23.88 Kumar-Johnston
Black Pepper Piperine 6.71 Belghait 21.14 Chrastil
Maleic Acid 42.79 Garlapati-Madras (ii) 93.03 Modified Chrastil (2)
Red Pepper Oil (linoleic acid) 7.41 Jouyban 24.52 Bartle
Mesquite Gum 2.51 Belghait 6.89 Modified Chrastil (2)
Oleic acid 9.71 Belghait 41.72 Chrastil
Hemp Seed Oil 4.25 Belghait 22.22 Bartle
Moringa Oleifera Oil 1.45 Sparks 8.35 Gordillo
Castor Oil 0.72 Belghait 4.08 Kumar-Johnston
Clove Oil (spice) 0.39 Keshmiri 13.40 Bartle
Vanillin 12.15 Keshmiri 44.78 Modified Chrastil (2)
Chrysin 10.82 Jouyban 16.54 Sung-Shim
Sinapic acid 26.96 Moussa 30.27 Jouyban
Protocatechuic acid 12.58 Jouyban 18.59 Bartle
Palm Kernel Shell (bio-oil) 3.21 Khansary 5.34 Bartle
Quinine 12.24 Belghait 38.56 Modified Chrastil (2)
Curcumin 1.62 Jouyban 11.68 Mendez-Santiago-Teja
Green Coffee Oil 1.76 Belghait 11.80 Mendez-Santiago-Teja
Vitamin E Acetate 0.00 Hozhabr 2.15 Mendez-Santiago-Teja
Apple seed oil 10.94 Belghait 35.10 Khansary
Red Palm Oil 9.77 Jouyban 42.06 Bartle
Arachis Hypogea Skin Oil 4.19 Belghait 16.56 Bartle
Cinnamic acid 1.48 Moussa 11.10 Modified Chrastil (2)
Beta Karotene 4.59 Sodeifian 45.24 Tippana-Garlapati
Paeonol (Peanut oil) 6.82 Belghait 9.46 Mendez-Santiago-Teja
Passion Fruit seed oil 0.60 Belghait 82.92 Jiang
Quercus infectoria (oak) 1.62 Belghait 10.63 Bartle
Pomegranate seed oil 1.25 Gordillo 14.87 Bartle
Roselle seed oil 1.60 Belghait 9.46 Mendez-Santiago-Teja
Laminarin 1.81 Sodeifian 7.89 Bartle
Phosphatidylcholine 0.57 Belghait 9.35 Chrastil
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